Abstract Field experiments for evaluating heat tolerancerelated physiological traits were conducted for two consecutive years using a mapping population of recombinant inbred lines (RILs) from the cross RAJ4014/WH730. Chlorophyll content (Chl) and chlorophyll fluorescence (CFL) were recorded under timely sown (TS) and late sown (LS) conditions. Late sowing exposes the terminal stage of plants to high temperature stress. Pooled analysis showed that CFL and Chl differed significantly under TS and LS conditions. The mean value of CFL (Fv/Fm) and Chl under both timely and late sown conditions were used as physiological traits for association with markers. Regression analysis revealed significant association of microsatellite markers viz., Xpsp3094 and Xgwm131 with coefficients of determination (R 2 ) values for CFL (Fv/Fm) and Chl as 12 and 8 %, respectively. The correlation between thousand grain weight (TGW) with Chl and CFL were 14 and 7 % and correlation between grain wt./spike with Chl and CFL were 15 and 8 %, respectively. The genotypes showing tolerance to terminal heat stress as manifested by low heat susceptibility index (HSI=0.43) for thousand grain weight, were also found having very low Chl, HSI (−0.52). These results suggest that these physiological traits may be used as a secondary character for screening heat-tolerant genotypes.
Introduction
Abiotic stress, especially heat stress, induces complex morphophysiological phenomenon in plants (Nachit et al. 1998) . Temperate cereals are more sensitive to changes in temperature than tropical cereals. Numerous traits identified as responsible for heat tolerance are heritable, additive in nature and display continuous variation; these indicates that there is considerable scope for improvement in heat tolerance (Tuberosa and Salvi 2006) . Various physiological traits have been studied to ascertain their contribution to heat tolerance, for example, higher photosynthetic rates, stay-green, chlorophyll content (Chl), chlorophyll fluorescence (CFL), etc. Breeding programmes may include such traits to assist in the selection of heattolerant parents, segregating generations or advanced lines.
Evidence indicates that loss of chlorophyll during grain filling is associated with reduced yield in the field (Reynolds et al. 1994) . High leaf Chl has been identified in Mexican landrace collections wherein the best genotypes showed substantially greater leaf Chl than the check. High chlorophyll was associated with heat tolerance of sister lines in some wheat crosses (Reynolds et al. 1997) . Previous reports revealed controlled environment have genetic variability in photosynthetic rate among wheat cultivars when exposed to high temperatures (Wardlaw et al. 1980; Blum 1986) .
Chloroplasts, the site of photosynthetic activity, have membranes carrying pigment molecules such as chlorophyll a and b and accessory pigments (Emerson and Arnold 1932; Hillier and Babcock 2001) . Moffatt et al. (1990) , in an experiment with six wheat cultivars in field trials as well as subjected to controlled environment at 37/25°C, found that variable fluorescence (Fv) and grain yield were negatively correlated under controlled conditions but not under field conditions.
Chlorophyll fluorescence explains the efficiency of photosystem (PS)II and in turn, the photosynthetic efficiency. When photons fall on the leaf surface, it dissipates mainly into two processes: (1) photochemical (charge separation in reaction centres of {PS)II, followed by an electron transport via a set of carriers) in the form of photosynthesis and (2) nonphotochemical (i.e. thermal dissipation and Chl fluorescence) in the form of heat and fluorescence. Genotypes having higher CFL were also having higher yield, indicating that CFL can be used in screening for heat-tolerant genotypes. Hede et al. (1999) found a significant correlation between leaf Chl and kernel weight in 2255 Mexican landraces of wheat. Therefore, a visible trait such as leaf Chl may be used along with CFL for screening in breeding programmes.
Molecular markers for traits that contribute to heat tolerance can be used in marker-assisted selection (MAS). traits that could be selected more efficiently, including CFL efficiency (Jiang et al. 2004; Blum and Ebercon 1981) , Chl (Li et al. 2006) and canopy temperature (CT) as the ideal physiological selection traits in many ways since measurement is quick, simple and inexpensive (Cossani and Reynolds 2012) . Canopy temperature is an ideal trait showing a good genetic association with yield (Saint Pierre et al. 2010) . The relationship between yield and stay green trait have been discussed and quantitative trait loci (QTL) have been identified in mapping populations (Kumar et al. 2010; Vijayalakshmi et al. 2010 ).
Presence of both additive and dominant types of gene action has been reported for membrane thermotolerance in wheat (Dhanda and Munjal 2012) as well as QTL and associated simple sequence repeat (SSR) markers (Ciuca and Petcu 2009) . The overall impact of MAS on the production and release of heat-tolerant cultivars has not been significant (Tuberosa and Salvi 2006; Ortiz et al. 2008) . Much more information is required for a better understanding of the genomic regions in wheat that contribute to variability in physiological traits. This prompted us to study the relationship between CFL and Chl values and heat tolerance in Indian wheat genotypes and to find their association with molecular markers. This will allow breeders to use molecular markers in MAS for enhancing plant performance under heat stress.
Material and methods

Field and sowing conditions
The experiments were conducted in the sandy loam soil at research fields of the Directorate of Wheat Research, Karnal (Kundu et al. 2010 ) and heat-sensitive RAJ4014 (Anonymous 2011) (Table 1) were evaluated in two replications. Field trials were conducted in randomized complete block design (RCBD) under optimum sowing condition (timely sown, mid-November) and high temperature stress condition (late sown planting, mid-December). The plot area was 1.2 m 2 and seed rate was 100 kg/ha. Irrigation and fertilizer application were as per recommendation.
Physiological traits
Data recording at different crop growth stages were carried out according to Zadok's scale (Zadoks et al. 1974) . The observed physiological traits in the experiment were Chl and CFL. Chlorophyll content was recorded at grain filling stage of flag leaves, at 7 and 15 days post anthesis (DPA). It was recorded with chlorophyll metre (CCM-200, Opti-Sciences); the values measured were chlorophyll content index which ranges from 0-99.9. 
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Chlorophyll fluorescence is one of the traits used extensively in field phenotype after CT and Chl. It is used indirectly for measuring the photosynthetic efficiency of genotypes, mainly in terms of photosystem II (PSII) function. Chlorophyll fluorescence measures Fv/maximum fluorescence (Fm) ratio, i.e. immediately after dark adaptation when leaf is exposed to light. The maximum amount of photons used for photochemistry is estimated as ratio of Fv/Fm where, Fv = variable fluorescence and Fm = maximal fluorescence. CFL values were recorded putting clips, which created dark conditions, using a pulse modular fluorometer (Model OS5-FL, Opti-Sciences, Hudson, NH, USA) and was measured on fully expanded flag leaves of each RILs in the timely (optimum) and late sown (stress) condition. The observations were recorded on 7 and 15 DPA. The recordings were carried out as per the user manual. To study the behaviour of RILs, 15 genotypes each selected from tolerant and sensitive category on the basis of heat susceptibility index (HSI) for Chl, CFL and thousand grain weight (TGW) were utilised for explanation considering their mean value Microsatellite marker analysis.
Deoxyribonucleic acid was extracted from all RILs along with parents by CTAB method (Saghai-Maroof et al. 1984) . A total of 400 microsatellite primers procured from BARC, GWM, WMC, CFA, CFD and GDM sets were used to screen the parents for allelic variation. The subsets of RILs populations were genotyped with polymorphic marker and significant marker was applied in whole population ( Table 2 ). The PCR was performed in a volume of 25-μl reaction mix containing (2.5 μl 10× buffer with MgCl 2 mixed, 2 μl dNTP, 1 μl primer (F + R), 0.33 μl Taq polymerase and 1 μl of template DNA (Merck Bioscience). The reaction mixture was run on a thermocycler (Bio-Rad, USA) by procedure of Roder et al., (1998) with minor modifications. The PCR cycle included an initial denaturation at 94°C for 4 min followed by 35 cycles of denaturation at 94°C for 1 min annealing at 50, 55 or 60°C (depending on the individual microsatellite primer) for 1 min and extension at 72°C for 1 min followed by 6-min final extension at 72°C. Amplification products were resolved on 3 % agarose gel (HiMedia laboratories Pvt. Ltd., India) for 30-45 min, visualized by ethidium bromide staining, and photographed using Geldoc system (Syngene Ltd., USA).
Statistical analysis
Statistical analyses of all the traits were done using a CROPSTAT (IRRI) computer software programme. ANOVA was performed to determine the effect of genotype, environment and genotype × environment interaction on the traits across environments (treatment-year combination). Data from both crop seasons was used for pooled analysis of the traits.
Results
The timely sown (TS) and late sown (LS) preheading mean temperature during crop seasons 2009-2010 were 13.3 and 13.0°C and post heading mean temperature under timely and late sown conditions were 20.2 and 23.9°C. Mean of minimum and maximum temperature under TS were 12.3 and 28.1°C and mean of minimum and maximum temperature under LS were 15.2 and 32.6°C (Fig. 1) . During crop season 2010-2011, TS and LS preheading mean temperature during crop seasons were 13.6 and 13.0°C and post heading mean temperature under timely and late sown conditions were 18.9 and 21.2°C. Mean of minimum and maximum temperature under TS were 11.8 and 26.0°C and mean of minimum and maximum temperature under LS were 13.5 and 28.8°C (Fig. 1) . Analysis of variance revealed that the conditions, replications, genotypes × conditions, year × conditions and year × genotype × conditions differed significantly for CFL, Chl, (Table 3) , grain filling duration (GFD) and thousand grain weight (TGW). Under non stress condition with maximum photon utilization for photochemistry, the ratio of Fv/Fm was 0.79-0.84 (Kate and Giles 2000) . The mean of 7 DPA of Fv/Fm was 0.74 and 0.72 for TS and LS, respectively. The mean of 15 DPA of Fv/Fm was 0.71 and 0.72 for TS and LS, respectively. The mean of first-phase Chl was 24.32 and 26.99 and for second-phase Chl was 22.00 and 19.78 for TS and LS, respectively. Average GFD under normal and stress conditions were from 37 to 31 days. The average reduction in GFD under stress conditions was 6 days. There was good variability for grain weight/ spike (Table 4) and TGW among RILs. The mean of grain weight/spike was 1.75 and 1.43 for TS and LS conditions, respectively, and the mean of TGW was 39.19 and 35.90 for TS and LS conditions, respectively. The correlation between grain weight/spike with Chl and CFL were 15 and 8 %, respectively. Regression analysis revealed significant association with microsatellite markers viz., Xpsp3094 and Xgwm131 with coefficients of determination (R 2 ) values for CFL and Chl were 12 and 8 %, respectively. Molecular markers, associated with CFL and Chl, viz., Xpsp3094 and Xgwm131 were distinct in tolerant and sensitive genotypes and were found segregating in the population with their phenotypic contributions 12 and 8 %, respectively.
Discussion
To investigate the relationship between physiological traits and heat stress, a set of 112 RILs were used. The role of CFL and Chl in relation to grain yield under water-stress conditions were recommended for selecting drought and heat-tolerant wheat plants (Blum 1988 (Blum , 1989 Krause and Weis 1991) . In the present study, WH730 (heat tolerant) had higher Chl and CFL than RAJ4014 (heat sensitive), under both normal and high temperature conditions. Similarly, RILs in the experiment also differed significantly for Chl and CFL under optimum (timely sown) and high temperature regime (late sown condition) (Table 3) . These results are similar to those of Al-Khatib and Paulsen (1990) . The Chl and CFL values in RILs showed continuous variation (Fig. 2) indicating quantitative nature of inheritance.
Among 112 RILs, RIL nos. 12 and 17 under TS as well as RIL nos. 10 and 6 under late sown conditions showed mean CFL and Chl values greater than that of tolerant parent (WH730) indicating presence of transgressive segregants in the population for the respective traits. Recombinant inbred line nos. 60 and 71 were amongst the recombinants as transgressive segregants for more than one trait.
The mean values of these traits (CFL and Chl) along with thousand grain weight (TGW) under optimum (TS) and heat stress conditions (LS) (Fig. 3) , were used to estimate the heat susceptibility index (HSI) and calculated by the method suggested by Fischer and Maurer (1978) with the following formula:
where Xh and X are the phenotypic means for each genotype under heat stress and control conditions, respectively, and Yh and Y are the phenotypic means for all the genotypes together under heat stress and control conditions, respectively. Values equal to or less than 1 of HSI and the RILs falling (Table 5) in this category are supposed to be tolerant. Earlier investigation on Chl in wheat, reported (Wang et al. 2008 ) that an effective strategy of crop plant to increase its biomass production and grain yield is by maintaining a higher Chl. Chl around flowering time were positively associated with yield in near-isogenic lines (NILs) of wheat (Quarrie et al. (2006) ). Leaf Chl in CS X SQ1 DH lines were also significantly positively correlated with grain yield under field conditions (Quarrie et al. 1995 (Vijayalakshmi et al. 2010) and under stress possibly plants (tolerant ones) try to be more efficient. However, no such compensation was observed in heat-sensitive genotypes. Another observation was that in general, the mean Chl value of LS crop was higher as against Chl value of TS (Fig. 2) . Considering CFL, similar observations were made but with low magnitudes viz., HSI for heat-tolerant and sensitive groups were −0.79 and 2.70, respectively. Besides this, in general, positive association of chlorophyll content with thousand grain weight was observed. The correlation between thousand grain weight (TGW) with Chl and CFL values were 14 and 7 % and correlation between grain weight/spike with Chl and CFL were 15 and 8 %, respectively. Similar results were observed in wheat genotypes subjected to heat stress by Al-Khatib and Paulsen (1990) and in maize under differential water conditions by O'Neill et al. (2004) . Therefore, Chl and CFL can be used as a secondary trait for measuring heat tolerance, as suggested by Moffatt et al. (1990) . Regression analysis revealed significant association with microsatellite markers viz., Xpsp3094 and Xgwm131 with coefficients of determination (R 2 ) values for CFL and Chl as 12 and 8 %, respectively. The marker (Xpsp3094) had been found linked to grain characters in earlier reports as well (Quarrie et al. 2005) . The marker-trait association conducted in this study provided preliminary information of genomic regions that may be useful for heat tolerance, but further mapping and validation is necessary before it is further applied for MAS.
